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[1] The extent of perennial sea ice in the East Arctic Ocean
(0–180�E) decreased by nearly one half with an abrupt
reduction of 0.95 � 106 km2, while the West Arctic Ocean
(0–180�W) had a slight gain of 0.23 � 106 km2 between
2004 and 2005, as observed by satellite scatterometer data
during November–December. The net decrease in the total
perennial ice extent is 0.72 � 106 km2, about the size of
Texas. Perennial ice in the East Arctic Ocean continued to
be depleted with an areal reduction of 70% from October
2005 to April 2006. With the East Arctic Ocean dominated
by seasonal sea ice, a strong summer melt may open a vast
ice-free region with a possible record minimum ice extent
largely confined to the West Arctic Ocean. Simultaneous
scatterometer measurements of sea ice and winds will be
crucial for sea ice monitoring and forecasts. Citation: Nghiem,

S. V., Y. Chao, G. Neumann, P. Li, D. K. Perovich, T. Street, and

P. Clemente-Colón (2006), Depletion of perennial sea ice in the

East Arctic Ocean, Geophys. Res. Lett., 33, L17501, doi:10.1029/

2006GL027198.

1. Introduction

[2] Arctic sea ice has undergone anomalous change in the
past decade. The sea ice cover has decreased to a minimal
extent in the summers of 2002–2005 as observed with
satellite microwave data [Sturm et al., 2003; Francis et al.,
2005; Nghiem, 2005; Stroeve et al., 2005]. Since the 1970s,
summer ice extent has reduced at a long-term rate of 6.4–
7.8% per decade [Comiso, 2002; Francis et al., 2005]. A
diminished sea ice cover may profoundly impact the Arctic
environment and ecosystem, transportation and commerce,
resource development, marine operations, and national
security [Office of Naval Research et al., 2001; Nghiem,
2004; Wilson et al., 2004; Grebmeier, 2005].
[3] To monitor sea ice over the Arctic Ocean, two types

of satellite microwave data have been used on a daily basis:
passive microwave radiometer and active microwave scat-
terometer. While both sensors can measure the extent of the
total sea ice cover, passive microwave data have been
used to estimate ice concentration [Cavalieri et al., 1984;
Comiso, 1995; Markus and Cavalieri, 2000; Partington,
2000] and active microwave data are appropriate to delineate
and map sea ice classes. Early research was carried out to
investigate the use of passive microwave data for sea ice
classification [Eppler et al., 1986]; however, there are

significant uncertainties in passive microwave results
[Maslanik, 1992; Thomas, 1993]. The capability of Ku-band
scatterometer to map sea ice, including the multi-year ice
class, was demonstrated and results for Arctic sea ice were
published [Kwok et al., 1999; Nghiem and Neumann, 2002;
Nghiem, 2004; Nghiem et al., 2005].
[4] Arctic sea ice consists of two major classes: perennial

or multi-year sea ice defined as sea ice that survives at least
one summer and can be as thick as 3 m or more [Armstrong
et al., 1973], and seasonal or first-year sea ice that grows in
the current freezing season and is significantly thinner (0.3–
2 m) [Armstrong et al., 1973] than perennial ice. In this
paper, we present new observations of recent anomalous
change in: (1) the distribution of these sea ice classes, and
(2) the significant reduction of perennial ice over the Arctic
Ocean in the fall of 2005 to the spring of 2006, compared to
sea ice conditions in November–December 2004, rather
than just minimal sea ice extent in summertime as previ-
ously reported [Sturm et al., 2003; Nghiem, 2004, 2005;
Stroeve et al., 2005]. The capability to monitor change in
both extent and distribution of different ice classes espe-
cially perennial ice in fall, winter, and spring provides
crucial information to address change in Arctic ice mass
balance.

2. Approach

[5] We use scatterometer data acquired by the U.S.
National Aeronautics and Space Administration (NASA)
SeaWinds scatterometer on board the QuikSCAT satellite
(QSCAT). This satellite was launched in June 1999 and has
been continuously collecting data over the world. The
QSCAT sensor measures backscatter at horizontal (HH)
and vertical (VV) polarizations with the respective swaths
of 1400 and 1800 km [Tsai et al., 2000] allowing a coverage
of the Arctic region twice per day. We developed a robust
algorithm to detect and map Arctic sea ice from QSCAT
data [Nghiem and Neumann, 2002; Nghiem, 2004, 2005;
Nghiem et al., 2005]. The QSCAT algorithm utilizes both
HH and VV polarizations and multi-azimuth looks in the
data set. This algorithm employs a data-pairing method to
achieve a strict collocation of data in time and space. It
identifies sea ice from open water based on polarization
signatures, azimuth asymmetry, and differences in backscat-
ter stability and consistency over sea ice versus open water.
The robustness of this algorithm for ice detection over
a wide range of wind speed has been published [Nghiem
et al., 2005].
[6] Within the ice cover, seasonal and perennial ice

classes have distinctive backscatter signatures. The funda-
mental electromagnetic scattering physics was studied from
the first principles and published by Nghiem et al. [1995a,
1995b] based on different physical characteristics in salinity,
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porosity, layering, and surface properties of different ice
types [Weeks and Ackley, 1982; Wen et al., 1989]. In fact,
analyses of satellite scatterometer data showed a large
dynamic range of Ku-band backscatter and thus a strong
sensitivity to the different classes from seasonal (first-year)
to perennial (multi-year) ice [Ezraty and Cavanié, 1999].
We have developed a sea ice classification algorithm based
on statistical analysis showing two separate distinctive
peaks in backscatter data for seasonal and perennial sea
ice in freezing seasons [Nghiem and Neumann, 2002;
Nghiem, 2004, 2005]. There is an overlap between seasonal
and perennial ice backscatter, which is used to identify the
mixed sea ice class consisting of a mixture of different
forms of first-year and multi-year ice. When first-year ice is
compressed, the ice can be significantly thickened and
roughened by rafting and ridging, and also desalinated by
brine drainage. This kind of first-year ice is similar to multi-
year ice in physical properties and backscatter signature,
and we include this ice type in the class of mixed ice. We
verify QSCAT results with observations from a field vali-
dation campaign using the U.S. Coast Guard icebreaker, the
USCGC Healy, over the Barents Sea in October–November
2001 [Nghiem, 2003; Nghiem et al., 2005].
[7] QSCAT was originally designed to measure wind

speed and wind direction over ice-free ocean surfaces.
The QSCAT wind retrieval algorithm uses QSCAT data at
multiple azimuth angles based on a geophysical model
function relating backscatter to wind speed and direction
as a function of azimuth angle, incidence angle, and
polarization [Tsai et al., 2000]. The nominal accuracy of
QSCAT wind results is the larger of 2 m�s�1 or 10% for
wind speed from 3 to 30 m�s�1, and 20� for wind direction
[Lungu, 2001]. Thus, QSCAT can monitor both the wind
field and sea ice, which are crucial for ice forecasting
especially in anomalous conditions.

3. Results

[8] The maps in Figure 1 present sea ice extent, ice classes,
and ocean wind vectors over the Arctic Ocean on the winter
solstice days of 21 December 2004 (Figure 1a) and 21

December 2005 (Figure 1b). We use NASA’s 1-km global
imagery (NASA Goddard Space Flight Center, The Blue
Marble: True-color global imagery at 1 km resolution, Earth
Observatory News, available at http://earthobservatory.nasa.
gov/Newsroom/BlueMarble/BlueMarble_2002.html) to rep-
resent the land cover in Figure 1. The sea ice cover consists
of three classes: perennial, mixed, and seasonal sea ice. Over
an ice-free ocean, a color scale from blue to orange denotes
wind speed. The arrows delineate wind direction plotted at
every 6� in longitude and latitude to avoid overcrowding the
images with wind vectors. We project the Earth image into a
spherical coordinate with a composite image of ice and wind
overlaid on the map.
[9] In this paper, we define the East Arctic Ocean as the

Arctic Ocean occupying 0� to 180�E longitudes, and the
West Arctic Ocean as 0� to 180�W longitudes. Figure 1a
(2004 winter solstice) shows that perennial sea ice cover
dominated Arctic sea ice spanning the West Arctic Ocean
and protruding well into the Laptev Sea and the northwest
region of the East Siberian Sea (east of the New Siberian
Islands) in the East Arctic Ocean. Seasonal sea ice occupied
the Hudson Bay, the Baffin Bay, the Canadian Arctic
archipelago, the Beaufort and Chukchi Seas in the West
Arctic Ocean, and parts of the Barents, Kara, Laptev, and
East Siberian Seas in the East Arctic Ocean. The mixed ice
class is typically observed at the boundary between seasonal
and perennial ice as expected. However, the perennial ice
extent in 2004 compared to QSCAT results in the winters of
2000–2003 had further decreased in the Beaufort, Chukchi,
and East Siberian Seas, suggesting a decreasing trend in
Arctic perennial sea ice extent over these recent years
[Nghiem et al., 2006]. In earlier years, the largest change
occurred also in the Beaufort and Chukchi Seas [Comiso,
2002].
[10] Figure 1b presents the distribution of sea ice classes

over the Arctic Ocean on the winter solstice in 2005. There
are two striking observations: (1) a large decrease in the
total extent of perennial sea ice, and (2) a confinement of
perennial ice largely to the West Arctic Ocean leaving the
East Arctic Ocean occupied mostly by seasonal sea ice. The
perennial sea ice that had extended into the Laptev Sea and

Figure 1. Arctic sea ice and wind vectors measured by QSCAT on (a) 21 December 2004 and (b) 21 December 2005. The
sea ice classes include perennial or multi-year ice (white), mixed ice (pink), and seasonal or first-year ice (magenta). Over ice-
free oceans, wind speed is plotted from 0m�s�1 (blue) to 40 m�s�1 (orange) and wind direction is represented by arrows. Land
is denoted with the NASA 1-km land data set.
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part of the East Siberian Sea in 2004 (Figure 1a) totally
disappeared in 2005 (Figure 1b). In the Baffin Bay, a large
area is identified as mixed ice (Figure 1b) containing rafted
and ridged ice due to ice compression as discussed in
section 2. In both images in Figure 1, QSCAT identifies
the ice along the east coast of Greenland as multi-year
(perennial) ice. The area between Greenland and Spitsbergen
is well known as the Fram Strait region, where sea ice is
dominated by multi-year ice and some multi-year ice can be
as old as 5 years [Gow et al., 1987; Gow and Tucker, 1987;
Tucker et al., 1987]. Thus, the perennial ice result from
QSCAT data is consistent with multi-year ice observed in
this region east of Greenland.
[11] To compare the drastic change observed by QSCAT

in 2005, we present in Figure 2 an Arctic sea ice chart for
the period 15–21 December 2005. Analysts at the U.S.
National Ice Center (NIC) manually prepare an Arctic ice
chart once every two weeks based on various satellite data
sources. The NIC ice chart depicts sea ice concentration,
defined as the fraction of the sea surface covered by ice,
ranging from ice-free conditions to mostly ice covered.
Moreover, black contour lines on the NIC ice chart mark
local areas that are characterized by stages of ice develop-
ment and predominant form of ice (floe size) according to
the World Meteorology Organization system for sea ice
symbology [World Meteorological Organization, 2004].
Data used to obtain the ice chart in Figure 2 consist of
43% from the Defence Meteorological Satellite Program
Operational Linecan System, 31% from RADARSAT Syn-
thetic Aperture Radar (SAR), 11% from Envisat SAR, 6%
from Moderate Resolution Imaging Spectroradiometer and
from Advanced Very High Resolution Radiometer, and only
7% from QuikSCAT; therefore, the NIC ice chart is primarily
an independent result derived from different data sets with a
different approach. Despite these differences and the data

dates, the NIC ice chart reveals the similarity of the West
Arctic dominant ice pack (light-grey contour in Figure 2) both
in size and in shape compared to the 2005 QSCAT perennial
ice pack (white area in Figure 1b), and thus independently
cross-verifies the results. In further details (Figure 2), the
light-green contour in the Greenland Sea contains multi-year
ice and the light-yellow contour in the Canadian Arctic
Archipelago represents fast ice surviving the 2005 summer.
Except for the small pink-contour area stretched along the
southeast coast of Greenland where NIC shows only 40%
multi-year ice concentration, NIC and QSCAT results are in a
good agreement.
[12] To carry out a quantitative analysis, we obtained

daily sea ice cover maps over periods of 2 months from
1 November to 31 December in 2004 and in 2005. In each
time period, the general sea ice distribution is similar to that
on the winter solstice day in Figure 1 for each year. In
November and December, the sea ice pack was stable and
the ice cover was under freezing conditions. We note that
QSCAT backscatter is sensitive to surface melt and we use
QSCAT data to detect and map sea-ice melt zones based on
a diurnal change approach [Nghiem et al., 2001; Nghiem
and Neumann, 2002]. We actually identify melt as another
ice class (red pixels in Figure 1; e.g., at the ice edge east of
Greenland) in addition to the perennial, seasonal, and mixed
ice classes. For each day, we calculate the surface area of
each ice class. In 2004 and 2005, daily results indicate that
the total area of perennial ice was stable with little change
during November–December of each year. In contrast, the
change of perennial sea ice extent between the two years is
large: a decrease of 0.72 � 106 km2 in surface area of the
perennial ice extent averaged over November–December in
2005 compared to that in 2004. This reduced area is about
the size of the State of Texas, the largest state in the
conterminous United States. This change is about 14%

Figure 2. Arctic sea ice chart prepared by the U.S. National Ice Center with various satellite data sets collected in the
period 15–21 December 2005. Ice concentration from ice free to full pack ice (10/10) is denoted with different colors.
Black contours represent ice areas with different characteristics according to the World Meteorological Organization
system. Light-grey contour marks the dominant multi-year ice pack in the West Arctic Ocean. Light-green contour is for the
east Greenland area dominated by multi-year ice, and pink contour contains 40% multi-year ice. Light-yellow contour
indicates multi-year ice areas in the Canadian Arctic Archipelago.
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decrease within one year, which is 18 times larger that the
long-term rate of 7.8% per decade [Francis et al., 2005].
Data from the National Centers for Environmental Predic-
tion/National Center for Atmospheric Research (NCEP/
NCAR) reanalysis reveal a strong northerly wind anomaly
over the Greenland Sea during summer 2005 (July–
September) responsible for anomalous ice export through
the Fram Strait. Daily QSCAT results also show a consistent
increase in the total ice extent due to sea ice growth during
November–December in 2004 and in 2005. Averaged over
these two months, the total area of all Arctic sea ice in 2005
was nearly unchanged with a modest decrease of about
0.21 � 106 km2 (only 1.9% change) compared to that in
2004 (Table 1), indicating that most of the areal reduction in
perennial ice was replaced by seasonal ice.
[13] We partition QSCAT data into west and east longi-

tudes to investigate the change in sea ice distribution
between the East and the West Arctic Oceans during
November–December in 2004 and in 2005. Table 1 sum-
marizes the results for these two regions and also for the
entire Arctic Ocean. In the East Arctic Ocean, nearly half
(48%) of perennial sea ice extent disappeared with an
anomalous reduction of 0.95 � 106 km2 in 2005 from a
perennial ice extent of 2.00 � 106 km2 in 2004. The change
of 48% within one year is abrupt compared to the long-term
rate of 7.8% per decade for total summer ice reduction
[Francis et al., 2005]. In the West, the perennial ice extent
had a gain of 0.23 � 106 km2, four times smaller compared
to the loss in the East Arctic perennial ice extent. This
differential change resulted in the large decrease in the net
perennial ice extent over the entire Arctic Ocean in 2005
(Table 1). Most of the reduction of perennial ice extent in
the East Arctic Ocean was reoccupied by seasonal ice
grown in the 2005 freezing season. Thus, while the total
sea ice extent had little change between 2004 and 2005
(November–December), there was a very large imbalance
in perennial and seasonal ice distribution between the East
and the West Arctic Oceans.
[14] The perennial ice continued to be depleted from the

East Arctic Ocean. Figure 3 presents the drastic reduction of
perennial ice extent between October 2005 and the recent
condition in April 2006. The plot of daily perennial ice
extent reveals a steep decrease in the East Arctic. Short-term
changes or fluctuations in ice areas were caused by ice
divergence and convergence, and by wind-driven shifts in
the distribution of seasonal and perennial ice between the
East and the West Arctic Oceans. On 1 October 2005,

perennial ice occupied 1.49 � 106 km2 in the East and
3.15 � 106 km2 in the West. By 15 April 2006, perennial ice
in the East Arctic Ocean was mostly depleted with a
remaining area of only 0.45 � 106 km2 (70% reduction),
while perennial ice in the West slightly increased to 3.45 �
106 km2 (9.5% gain). This result suggests an excessive
migration of perennial ice from the East to the West Arctic
compared to the perennial ice export out of the West Arctic.
NCEP/NCAR reanalysis data show: (1) zonal winds blow-
ing from east to west over the Beaufort Sea pulling
perennial ice into this sea, (2) meridional winds blowing
from north to south over the Greenland Sea exporting ice
through the Fram Strait, and (3) wind forcing from the East
to the West Arctic Ocean pushing the perennial ice pack
toward the West Arctic. Wind effects (1) and (2) made space
for (3) to move perennial ice into the West and thus
depleting it from the East Arctic Ocean.

4. Discussion

[15] Since 2002, the total sea ice extent in summer months
remained at or near record minimum [Sturm et al., 2003;

Table 1. Sea Ice Extent in 2004 and 2005 (Start Value on 1 November, Mean Value, and End Value on

31 December) and the Difference (Mean and Standard Deviation) Between Two Years Over the Months of

November and Decembera

Ice Class Year East Arctic West Arctic All Arctic

Perennial
sea ice

2004 2.20, 2.00, 1.67 3.00, 3.10, 3.16 5.19, 5.09, 4.83
2005 1.34, 1.05, 0.89 3.15, 3.32, 3.47 4.49, 4.37, 4.36

Difference �0.95 ± 0.08 0.23 ± 0.06 �0.72 ± 0.10
Seasonal
sea ice

2004 1.67, 2.14, 2.67 0.81, 1.86, 2.87 2.48, 4.01, 5.54
2005 2.33, 3.03, 3.41 0.66, 1.59, 2.59 2.99, 4.62, 6.01

Difference 0.88 ± 0.13 �0.27 ± 0.13 0.61 ± 0.17
All ice
classes

2004 4.56, 5.03, 5.26 4.79, 6.30, 7.50 9.35, 11.3, 12.8
2005 4.52, 4.80, 5.17 4.78, 6.32, 7.63 9.30, 11.1, 12.8

Difference �0.23 ± 0.18 0.02 ± 0.15 �0.21 ± 0.19
aA negative (positive) mean value of the difference indicates a decrease (increase) of ice extent in 2005. The unit is

106 km2.

Figure 3. Areas of perennial sea ice extent in all Arctic,
East Arctic (0–180�E) and West Arctic (0–180�W) Ocean
from 1 October 2005 to 15 April 2006 as observed by
QSCAT. Each color scale on the vertical axis applies to the
plot with the same color.
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Nghiem, 2004, 2005; Stroeve et al., 2005; Nghiem et al.,
2006] indicating that most of the seasonal ice could not
sufficiently survive summer conditions to regain the cover-
age before 2002. If this trend continues, most of the seasonal
ice (magenta areas in Figure 1b) may be removed by summer
melt, enhanced solar energy input, ice export, and wind-
ocean-ice interactions. These effects potentially open a vast
region of ice-free ocean in the East Arctic Ocean leading to
another record minimum of summer sea ice extent.
[16] On the 2006 spring equinox (21 March 2006), the

boundary of perennial ice extent (image not shown here)
moved further toward the West Arctic Ocean compared to
that on the last winter solstice (21 December 2005, Figure 1b).
If the sea ice edge would form near this boundary in the
coming summer, the ice extent would have retreated away
from the East Arctic continental shelf resulting in more
effective ocean mixing and ice interactions [Carmack and
Chapman, 2003; Nghiem et al., 2005]. Moreover, the ice-free
ocean reflects less than 10% of the incident solar radiation
compared to approximately 40 to 50% reflected by melting
perennial ice (D. K. Perovich et al., Seasonal evolution
and interannual variability of the solar energy absorbed by
the Arctic sea ice-ocean system, submitted to Journal of
Geophysical Research, 2005). In addition, the albedo of
melting seasonal ice is less than that of melting perennial
ice. As a result, substantially more solar radiation would be
absorbed into the ice-ocean system, both accelerating summer
melt and impeding fall freeze-up. Consequently, the length-
ened melt season would further diminish the Arctic ice cover.
For ice modelling, new results from scatterometer data are
important to be assimilated into model such as the Community
Climate SystemModel [Weatherly et al., 2005] to study Arctic
environmental change.
[17] Unlike the emphasis in past results on just the

decrease of perennial ice extent, it should be noted that
not only the large reduction in the extent of total Arctic
perennial ice but also the depletion of this ice class from the
East Arctic Ocean could have a significant impact on Arctic
environment and maritime operations. Nevertheless, the
recent anomalous change in the Arctic Ocean is not well
understood and thus any long-range forecast of Arctic
environmental change may have a large uncertainty. This
fact emphasizes the need for an Arctic integrated informa-
tion system that combines satellite monitoring of ice and
ocean together with environmental data from surface mea-
surement networks. The timely dissemination of Arctic
information through the Internet to researchers, mariners,
local residents and policy planners is important to both
scientific studies and operational applications. As a demon-
stration, we have developed an initial system using QSCAT
data to simultaneously monitor ice conditions (over sea ice)
and ocean wind vectors (over ice-free water 25 km away
from the ice edge) in the Bering, Chukchi, Beaufort, and
East Siberian Seas [Nghiem et al., 2006] (see Animation S1
in the auxiliary material1 and also results available at http://
ourocean.jpl.nasa.gov/beringsea.html). This demonstration
can be transitioned to routine operations providing near-
real-time ice-ocean monitoring and forecast capabilities to
meet growing research needs and application interests.
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